Abstract --The present generation of particle accelerators are utilizing the flattened, compacted, single layer cable design introduced nearly 20 years ago at Rutherford Laboratory. However, the requirements for current density, filament size, dimensional control, long lengths, and low current degradation are much more stringent for the present accelerators compared with the earlier Tevatron and HERA accelerators. Also, in order to achieve higher field strengths with efficient use of superconductor, the new designs require wider cables with more strands. These requirements have stimulated an active research effort which has led to significant improvements in critical current density and conductor manufacturing. In addition they have stimulated the development of new cabling techniques, improved tooling, and better measurement techniques. The need to produce over 20 million meters of cable has led to the development of high speed cabling machines and on-line quality assurance measurements. These new developments will be discussed, and areas still requiring improvement will be identified.
I. INTRODUCTION
In order to provide for long beam lifetime in storage rings, the magnetic field must be highly uniform and predictable. In addition, the bore of the superconducting magnets must be kept small and the field must be high, in order to keep costs to a minimum. Finally, in order to build magnets which do not train below about 90% of their short sample limit, a controlled, uniform prestress must be applied to the coils; this requires that the coil sizes be precise and reproducible. These requirements have led to a significant increase in the performance required, and a reduction in the allowable tolerances for the current generation of accelerator magnets, i.e. SSC and LHC, compared with those for earlier accelerator magnets, i.e. those for HERA and the Tevatron. For example, the dipole cable mid-thickness tolerance for HERA is k.02 mm, while the tolerance for SSC is +.OM mm. Recent experience has shown that these decreases in the tolerances can be achieved through improvements in tooling, cabling techniques, and measuring equipment. The technological advances which have led to these improved properties and tighter tolerances will now be discussed. 
SELECT ION AND OF'TMIZATION OF STRAND PARAMETERS

A. Critical current density andfilament diameter
The initial parameters for the SSC collider magnets were selected in the Reference Designs Study (RDS) in 1984 (l), Table 1 , which identified three optional designs for further evaluation. In order to compare these options on an equal basis, a critical current density of 2400 "m2 at 5 T was chosen as a mimimum specification value. This represented a significant increase over the value of 1800 A/mm2 which was specified for the NbTi superconductor used in the Tevatron (2) . Since this value had not yet been achieved in large scale production, an R&D program was begun to demonstrate that these parameter choices were justified (1). The filament sizes specified in the RDS were 22 microns for the inner layer conductor and 17 microns for the outer layer conductor. These values were chosen after discussions with the conductor manufacturers, who felt that the goal of increased current density could more easily be reached with the larger filament sizes. This choice required the use of bore tube correction coils, and an additional priority of the conductor R&D program was to explore the feasibility of reducing the filament diameters while maintaining the high current density. The other relevant conductor design parameters are listed in Table 1 , for one of the reference designs. pursued for both magnets and conductors to reftne and narrow the parameter choices. The success of the conductor R&D program led to two significant changes in the conductor specifications. The minimum critical current specification was increased from 2400 "m2 at 5 T to 2750 A/mm2 at 5 T and 1100 A/mm2 at 8 T, and the filament diameter was reduced to 5 microns ( Table 2 ). The key factors that make these changes possible are: use of high homogeneity NbTi alloy and improvements in the flux pinning as a result of changes in the cold work and heat treating sequences (4), and the use of a diffusion barrier between the filaments and matrix (5), (6) . The main forum for discussion and implementation of these improvements was a series of NbTi Workshops which were hosted at approximately 6 month intervals by the Univ. of Wisconsin and by LBL. These new specifications were achieved by several manufacturers in full production size billets in 1986 (6), Figure 1 , but the realisation of reliable, economical production of this conductor did not follow easily. Among the more serious problems encountered were wire breakage leading to short piece lengths, billet assembly problems, and filament sausaging. In fact, these problems appeared so serious that, at one point in 1987-1988, an effort was begun to produce a 9 micron filament size conductor as a back-up (7). These problems are associated with the fine filament and high current density requirements. The 5 micron filament size leads to a requirement of 11000 filaments for the inner conductor and 6OOO filaments for the outer conductor. Several different billet fabrication methods were developed to meet this requirement, and the results are described in detail in (6) . A three extrusion step process (monofilament, 7-55 element second, followed by a 200-1500 element third extrusion) made billet assembly easier, but led to a loss in critical current density due to sausaging of the elements at the edge of the intermediate stack. An intermediate sub-bundle approach was also explored, but cleanliness problems compromised the results (8) . This method has recently been revived, with more promising results (9) . The working with small diame exposed surfaces, which difficult. Several approac elements (6), were atte of hexagonal elements was eventu billet stacking were developed. The being reported (9,lO) are proof that appropriate for the SSC conductors.
An important factor in solvin high critical current densities an long, uniform lengths of wire Buoyed by tbe successful reducti from 20 microns to 5 microns, so achieve a further reduction, to 2 actually helped identify and correct fabrication of 5 micron filament problems were exacerbated at the 2.5 easier to identify. It also uncovered an the coupling of closely spaced filaments 1 micron, significant filament c magnetization measurements made levels. It appeared unacceptable at the p 0.3 T. The technique coupling in a.c. conduc These factors lead to an intrinsic J, limit for precipitate pinning in NbTI of 3800-4000 A/mmz at 5 T.
matrix, was considered but rejected due to the reduction of strand stability and the extra cost. Collings (12) suggested the use of Mn as an alloying element for the Cu matrix, since the Mn would reduce the coupling via the spin-orbit scattering and would be about 15 times as effective as Ni, which reduces coupling by increasing the matrix resistivity (13). Cu 0.5 wt% Mn was substituted for the Cu matrix and a model dipole was made in order to demonstrate conductor manufacturability, reduced coupling, and to see if there was any detrimental effect on stablility. This test was successful (14, 15), thus proving that Cu-Mn alloy matrix can be used for this purpose. However, the SSC machine parameters were changed in 1990, thus allowing a Cu matrix, 6 micron filament combination to meet the requirements, with a combination of lower cost, higher Jc, and better manufacturability. The fine filament, Cu-Mn option was considered for the High Energy Booster (HEB) conductor, since the HEB is pulsed at a higher rate than the main ring. However, it appears that a more cost effective solution is to provide for additional refrigeration capacity to handle the increased heat load, and to use the 6 micron filament size material. Thus, the development of finer filaments for the SSC has been stopped, and efforts are focused on optimizing the manufacture of the 6 micron filament conductors.
B. Copper to Supercondutor Ratio
Another issue which has recieved considerable attention in the SSC R&D program is the copper to superconductor ratio (CdSC). The initial choice of 1.3/1 for the inner and 1.8/1 for the outer layer conductor was made in order to balance the operating current and the protection of the inner and outer layer conductors, and hence achieve cost effective magnet design (1). After considerable training in the inner layers was observed in the early SSC model dipoles, it was suggested that better performance might result from increasing the copper content of the inner layer conductor (16). This suggestion was supported by the observation of training of cable samples in a short sample test fixture (17). However, it was not supported by calculations of cable stability (18). After the evaluation of a number of magnets having either 1.3/1 or 1.5/1 copper to supperconductor ratios in the inner layer conductor, no clear trend has emerged (19). Since the lower CdSC ratio clearly leads to a higher operating to short sample margin, the lower ratio is presently specified for the SSC inner layer conductor.
C. Strand Diameter
The choice of this parameter represents a trade-off between Jc, wire manufacturing cost, cable design and magnet manufacturing. As a general rule, it is easier to get a high Jc value for finer wire due to the increased strain space available. Also, a finer wire is preferred in order to improve the flexibility of the cable. The main penalty for fine wire is in wire drawing, where the cost is increased, and the sensitivity to breaks due to inclusions is greater. The wire sizes for various cables used or proposed for recent accelerator magnets are listed in Table 4 . These range from the 0.53 mm wire used for the FNAL quadrupoles (20), to the 1.29 mm wire originally proposed for the LHC dipole inner layers. The SSC wire diameters lie in the middle of these two extremes. 
D. Procq.ss Reliability and Cost
Much attention is being given to these issues in the Vendor Qualification Program now in progress (21), and this work will not be discussed here. During the earlier SSC conductor R&D phase, some initial consideration was given to these issues. In particular, the billet size and extrusion methods were studied. A major process change compared to the Tevatron conductor was the use of a clad monofilament which is produced by extruding a 145 mm diameter NbTi billet rather than using a small diameter NbTi rod which is loaded into a copper tube prior to assembly into the second stage extrusion billet. This change has resulted in a more cost effective process for producing the fine filament SSC conductors. However, it does require the use of a diffusion barrier between the copper can and the NbTi, and also requires that the NbTi be produced with a fine grain size and homogeneous composition at the monofilament billet size.
Conventional extrusion billets of 200, 250, 300, and 350 mm diameter were produced and evaluated. The larger billet sizes are preferred from the standpoint of ease of stacking, cold reduction strain space, and reduction in the total number of extrusions required. However, other considerations, including press availability and lengthldiameter ratio are also important, and these have led to the 300 mm diameter becoming the typical size for the SSC final extrusions. Hydrostatic extrusion was also evaluated, and received particular attention when the reaction between matrix and filament was a problem. However, that interest faded with the realization (22) that the reaction also occurred during the intermediate heat treatments as well as during extrusion, and with the development of reliable, cost effective niobium diffusion barriers (5). Several changes in the final strand processing were also made in order to reduce costs. The stabrite solder coating was eliminated from the wires. Also, the wire final anneal was eliminated when it was determined that this improved the quality of the cable and that the copper mauix was annealed in the subsequent coil epoxy curing step. Wire twisting is a time consuming step, and the option of twisting the wires on the cabling machine was studied. We concluded that this change was possible, but not practical until the wire quality could be improved to the point that wire breakage during twisting is eliminated. If a wire fails during twisting on the cabling machine, the entire cable is lost, in contrast to the smaller consequences if the wire breaks on the wire twisting machine.
E. Remaining Issues For Strands
Many of the remaining issues which are relevant to the SSC conductor production are being addressed in the Vendor Qualification Program (21) However, there are a number of issues which are not being addressed in this program, and which will be mentioned.
Can 2.5 micron filament size conductors be manufactured
with long piece lengths and high Jc?
with the Artificial Pinning Center approach?
2. Will significant improvements in JC and cost be achieved 3. Can the useful field range of ductile alloys be extended by the development of temary alloys such as NbTiTa?
4. Can higher Jc values be achieved in NbTi, without experiencing serious ductility and piece length problems?
SELECTION AND OPTIMIZATION OF CABLE PARAMETERS
A. Number of Strands
The number of strands in a cable represents another tradeoff between magnet designer and cable manufacturer. It is desirable to use the number of strands as a variable in order to balance the inner and outer layers of a two layer dipole and in order to choose a strand diameter which allows optimization matching outer layer cable. Preliminary efforts to make such successful, and an R& determine whether there was a fundamental limit to the t was initiated in order parameters necessary to m 50 mm bore dipole magnet (24) . The cable and parameters were also incorporated into a specifica production cabling machine, which was purch installed in an industrial facility in order to make required for the SSC R&D magnets.
In 1990, the R&D cabling machine 48 strand capability in order to push to n magnets (26) .
B. Cable Size
The cable should be size resulting dipole is not so 1 C. Keystone Angle field, and second, they allow a c angle to be used. At the start of was shown that most of the dam 
D. Cable Compaction
Cable compaction is not uniform for a keystoned cable, so two different compactions are defined. First is overall compaction P, defined as the ratio of the sum of the areas of undeformed wire cross sections to the area of the enclosing trapeziod. Second is the narrow edge packing factor, P.F.1, which is the ratio of the area of two undeformed strands to that of a rectangle with dimensions of the narrow edge thickness times the wire diameter. In both cases, the area of the strands is the area taken through a plane at the turkshead; since the strands approach the turkshead at an angle defined as the cable pitch angle, the expressions for P and P.F.l are :
2 w (t* + t *) cos 4l P = where d = strand diameter n = number of strands w = cable width tr = narrow edge thickness iz = wiie edge thickness Q :
: bystone angle Both P and P.F.1 are determined empixilly by m~~g cables with varying compaction and keystone angles and then measuring the amount of critical current degradation. It is then a matter of judgment to set the values which provide the highest compaction, consistent with acceptable critical current degradation. One note of caution: the rate of degradation as a function of narrow edge compaction is not linear (24). Thus, when one is choosing values for a large production run such as the SSC, the compaction value is somewhat conservative in order to allow for other manufacturing tolerances which affect compaction, such as strand diameter. The overall packing factors in present day cables are in the range of 88 to 92.5% ( Table 5) . Typical values of narrow edge compaction are in the range of .95 to 1.03 (Table 5 ). The other important dimension in the cable is the width. The strands must be compacted somewhat on the cable edges in order to provide locking so that the cable is held together. However, current degradation again increases dramatically with overcompaction in this direction. When the SSC dipole design was changed, the cable width relative to strand diameter was actually increased somewhat in an attempt to decrease critical current degradation. This change appears to be successful, when the 40 mm dipole and 50 mm dipole cables are compared (25).
QUALITY ASSURANCE PROCEDURES
A. Requirements on Wire
The first step in meeting the dimensional, mechanical, and electrical requirements of these cables is to control these parameters for the wire used to make the cable. For example, if the cable thickness is to be controIled to f .006 mm, while at the same time the maximum strand compaction must be controlled in order to control current degradation, the wire diameter tolerance must be less than half the cable thickness tolerance, or rt .003 mm. This requirement can be met, but it requires continuous monitoring of the wire with a laser micrometer, and a good die maintenance program to replace worn or faulty dies. In addition, the surface of the wire is important. If the oxide layer on the wire is variable, the wire/mandrel friction will vary and wire crossovers or uneven strand position may result. Also, if the wire surface is contaminated with foreign material, this material will tend to accumulate on the turkshead rolls and change the cable dimensions.
The most important mechanical requirement of the wire is to withstand the severe deformation which occurs at the edge of the cable as the wire passes through the turkshead. This deformation is a complex combination of tensile, torsion and compression which is very difficult to simulate with the standard type of mechanical test. Consequently, we have developed a special test and a test fixture which we use to evaluate the suitability of a wire for subsequent cabling. The test fixture is used to constrain the wire while the wire is formed into a sharp bend with a blade which is the same width as the wire. This test is a good measure of the ability of the wire to withstand the severe bending which occurs at the edges of the cable, and has been incorporated into the SSC (30) and the RHIC (31) wire specifications.
Another property of the wire which is important for good cable quality is the springback. We found that cables made with wires from different heat treatment lots or from different manufacturers will result in cables in which the adjacent wires will protrude from the cable. In extreme cases, these protruding strands make the cable prone to decabling, and even in less severe cases will result in strands being locked out of position when the spiral wrap insulation is applied. We have developed a test,fixture and a test procedure for evaluating the springback of composite wires, and this requirement also has been incorporated into the SSC and RHIC wire specifications. Recent experiments on cables with wires having a wide range of springback characteristics show that it is the uniformity of springback, rather than the absolute value, which is important in obtaining flat cable. Future specifications which make use of a springback requirement should be modified to account for these results.
B. Dimensional Requirements for the Cable
The tight dimensional tolerances discussed in the introduction have required significant improvements to both the tooling used to make the cables and also to the capability to make on-line measurements. Early R&D cables made for SSC dipoles suffered from three types of dimensional tolerance problems which were associated primarily with the turksheading operation. The nature and origins of these problems were only understood after the on-line cable measurement system was put into operation, so this system will be discussed fmt.
During the production of the cable for the Tevatron, CBA and HERA programs, the dimensions were measured in two fixtures. The first is referred to a 10-stack measurement and consisted of stacking 10 pieces of cable with the keystone angle opposed for every other cable. The mid-thickness value is obtained by loading the stack, making a measurement, and dividing by 10 to obtain the individual cable thickness. The keystone angle was determined by mounting a cable in a fixture with a pivoting arm and once again making a measurement with the cable under load. These methods both suffered from two serious drawback first, the measurements were destructive and had to be performed after the cable was made, and second, they were local measurements and could not provide indications of the variability along the length of cable. Another mechanical requirement for this type of cable is freedom from sharp edges which may damage the insulation and lead to coil shorts. Sharp edges rarely occur on cable made with good tooling and good dimensional control; however, when large quantities of cable must be produced at high line speeds, it is necessary to replace the visual surveillance of the cable by the take-up operator with an automated system. Several techniques have been considered, including eddy current, optical, and insulation breakdown testing. One difficulty with all of these is the need to provide smoothe, reproducible movement of the cable through some type of on-line sensor. At present, the eddy current technique shows promise in detecting this type of defect, as well as other defects of interest such as crossovers, broken strands, and cold welds. Efforts to develop a reliable, on-line system are underway (34).
D. Electrical Requirements for Cable
The procedures for making measurements of the electrical properties of superconducting cables have been developed extensively by the group at BNL (35,36). These tests include critical current measurements for the cable, the copper RRR, strand magnetization, and interstrand resistance. These measurements are very important, but the results have been presented in the references listed above, and they will not be repeated here. However, we will refer to these measurements in the following discussion of critical current degradation as a result of the cabling operation. This degradation has been reduced dramatically during the period of SSC R & D activity from 1984 to 1991. The allowable degradation for the Tevatron, CBA, and the HERA cables was 15%, and this level of degradation was often seen in the TevatrodCBA cable as well as the early SSC R & D cables (37). By 1991, the critical current degradation for SSC R&D cables had been reduced to nearly zero for the Inner Layer cables and to below 5% for the Outer Layer cables. This reduction is primarily due to three factors: (1) improvement in wire quality, (2) improvements in cabling techniques, and (3), a change in the definition of degradation.
